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Introduction
In recent years, severe and more frequent flood incidents across the globe have put bridges at high risk of failure due to scour. Scour is the result of the erosion of streambed around the foundation of a structure, leading to structural instability and ultimately catastrophic failures.
Flood induced scour is the leading cause of bridge failures [1] , resulting in loss of lives, traffic disruption and significant economic losses. Scour is expected to occur at most hydraulic structures during their service life [2] . In the UK for example, there are more than 9,000 major bridges over waterways and almost 95,000 bridge spans and culverts susceptible to scour processes. Up to 2003, abutment and pier scour had been identified as the most common cause of more than 130 railway bridge failures associated with fatalities [3] . The damage due to scour action at railway structures alone in the UK is estimated to be over £1 million per year on average [4] . Future projections also indicate that the frequency of extreme flooding across Europe is anticipated to double by 2050 [5] with major implications for highway and railway infrastructure.
Failure of bridges due to scour is attributed to several issues associated with the present visual inspection procedure which often relies on specialist divers. This method is very expensive and time consuming, therefore hydraulic structures are inspected at intervals of several years. Severe scour usually occurs during a flood peak discharge with a high velocity, preventing concurrent diving inspections from being carried out because of safety considerations.
The detection of scoured holes 'hidden' by re-deposited soil is also of great importance for the assessment of stability conditions of the foundation. The current post-event visual inspection does not reveal the actual bed level conditions at foundations as re-deposited soil often re-fills the scoured holes. The backfilling material does not have the same resistance to hydrodynamic forces as the in-situ sediment [6] and it is easily scoured again during smallscale floods compromising the integrity of the foundation structure. The majority of the existing monitoring techniques cannot detect sediments re-deposited in scour holes.
Furthermore, the 'as built' information for many scour critical structures is not available and as a result they are classified as having unknown foundation status [7] , making scour risk assessment a particularly challenging issue.
The difficulty of scour monitoring in the field is considered a major gap in the knowledge and general understanding of scour mechanism. Continuous scour monitoring would enable early remedial maintenance and repair actions to be carried out improving public safety and reducing costs for bridge owners, insurers and maintainers. Real-time data of erosion and sediment deposition processes will also enable the validation of models derived from laboratory-based studies and the assessment of different engineering designs.
Current Scour Inspection Techniques
Over recent decades, many techniques have been developed to measure scour action at hydraulic structures. Early research efforts focused on the use of geophysical methods such as seismic-reflection profiling systems and Ground Penetration Radar (GPR) to detect scour at bridge piers and abutments [8, 9, 10] . The same basic principle of wave propagation and reflection is used in both techniques. The seismic profiling systems transmit pulsed acoustic signals at low frequency (in the range of kHz) that propagate through the water to the riverbed.
The reflected energy is recorded by a receiver transducer and scour is detected based on the magnitude and the arrival time of the reflected signal [9] . The GPR technique transmits electromagnetic pulses into the ground (typically in the MHz frequency range) and scour is identified based on the electrical properties of the materials by measuring the reflected signals
[10]. These methods do not provide real-time evaluation of scour as in the majority of the cases they cannot be used during flood events for safety reasons. Debris, sediment transport and salinity in water greatly affect their signal, requiring expensive and time consuming data processing and interpretation. The scour inspection challenge using these instruments is even greater when considering the need for highly specialised and heavy equipment demanding skilled personnel [9] .
Sonar instruments including fathometers, echo sounders and acoustic depth sounders have also been employed to evaluate underwater bed level conditions around piers and abutments [11, 12] . These techniques use the properties of the transmitted and reflected underwater acoustic waves to detect and locate scour holes. However, issues regarding the transducer frequency and debris impact are the major problems for the use of these devices [12] . High sediment concentrations and air entrainment has often negative effects on their readings [6] .
In an attempt to address the shortcomings associated with the instrumentations, several monitoring systems were developed to detect scour with sensors permanently installed around a bridge pier or abutment. For example, Time Domain Reflectometry (TDR) [13, 14] and Fiberoptic Bragg Grating (FBG) sensors [15, 16] were investigated. In TDR technology, an electromagnetic pulse is generated and sent through a transmission line which is installed into the riverbed. The measure of scour is based on the reflection time required from the pulse to propagate through the line. The major challenges with TDR sensors are related to the high cost, the battery life, the maximum practical probe length, their applicability in conductive mediums and the debris impact [13] . In the FBG method a rod is embedded into the sediment and is instrumented with a number of FBG sensors. Scour activity is identified according to the exhibited strain signal of each sensor when exposed to water flow conditions [15] . Another approach of the same technique uses a single FBG sensor for transduction of the vibration frequency. The scour depth is detected based on the inverse relationship between the fundamental frequency and the cantilevered length of the rod which increases as scour occurs [16] . However, for the use of FBG sensors, installation design and improved fabrication techniques are still required to withstand field conditions [15] .
The high cost of existing monitoring techniques is identified as the most common reason for the limited use and application of these devices for scour monitoring at hydraulic structures [6] . Other factors are associated with the complexity of the equipment, the capability of providing repeatable and reliable information, the processing and interpretation of data and the harsh environmental conditions.
The aim of this study is to evaluate the capability of a new, low-cost monitoring technique, based on measurement of soil electromagnetic properties, for the detection of scour and sediment deposition processes. The monitoring system uses scour probes embedded into the sediment next to the foundation structure to detect underwater bed level variation. The realtime remote monitoring is achieved via wireless communication technologies that ease installation and reduces costs. The sensor was tested under different environmental conditions in 'static' scour simulations and real-time flume experiments.
Monitoring Concept

Soil dielectric properties
Several methods across a wide range of disciplines have employed the electromagnetic properties of materials to determine the moisture content of products that contain water. The major advantage of the electromagnetic measurements in soil samples originates from the sensitivity of the soil dielectric permittivity to its water content. This is due to the large difference between the permittivity value of water ( w  80) when compared to dry solid particles ( s = 3  5) and air ( a  1). In the following text, the term 'permittivity' will refer to the dimensionless 'relative permittivity' ( r) unless otherwise stated. 21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 In general, the permittivity is a frequency and temperature dependent complex variable, which describes the ability of a material to polarise when subjected to an alternating electric field. The complex permittivity is composed of the real part ( ' r  ), which is a measure of the polarization property of a material, and the imaginary part ( '' r  ), that represents the energy dissipation by polarization and ionic conduction losses. The apparent permittivity ( m) of a soil mixture is a function of the permittivity of the air, soil and water components and their volume fractions [17] . A three phase mixing model to describe a wet soil sample was also proposed by Roth et al [18] :
where is the volumetric water content, is the porosity of soil, 1-and -are the volume fractions that correspond to solid and air phases respectively. Several theoretical and experimental studies have been performed in order to determine the factor , which describes the orientation of the electric field with respect to the geometry of the medium. The dimensionless factor can theoretically range from = +1 for an electric field parallel to soil layers, and = -1 for an electric field perpendicular to soil layers. Birchak et al [19] found = 0.50 for an isotropic two-phase medium while Dobson et al [20] using a four phase model estimated = 0.65 by regression of data obtained from various soil types tested in different frequencies. Roth et al [18] inferred from experiments = 0.46 by a weighted non-linear regression using a three phase mixing model [see equation (1) ] at thirteen soil samples.
For the case of a saturated soil sample ( = ), equation (1) reduces to a two phase mixing model:
and can be used to infer the porosity from the measurement of the soil permittivity ( m), once the parameter is calibrated and the permittivity of the solids ( s) calibrated in dry soil or estimated:
In turn, the porosity can be used to calculate the dry density of a soil sample based on the soil specific gravity (Gs) as follows: When the permittivity becomes equal to the permittivity of water ( m = w) then the porosity is calculated equal to 1 ( = 1) which corresponds to fully scoured conditions.
Scour probe operating principle
The large contrast in permittivity associated with water and soil having different densities is used to detect scour and sediment deposition processes around the bridge foundations. Figure   1 (a) presents an example of the permittivity values calculated from equation (2) figure 1(a) ]. When the saturated soil is fully substituted by water, the porosity will become equal to 1 and the obtained permittivity will reach the value of 80. When soil is deposited and the scour hole is re-filled, the porosity of the soil will decrease. For example, porosity in the range from 0.5 to 0.6 will result in permittivity in the range 30-38. As A Profile Probe PR2 (Delta-T Devices Ltd) is proposed for scour and sedimentation monitoring interfaced with an off-the shelf wireless device, as shown in figure 2 . The probe is composed of a 25 mm diameter hollow shaft equipped with several electromagnetic sensors placed along its length (see figure 2 ). The complete assembly is then inserted into a fibre glass access tube to protect it from water ingress. The two stainless steel rings form the plates of a capacitor in an RLC circuit consisting of Resistive (R), Inductive (L) and Capacitive (C) elements, as shown in figure 3 . The PR2 probe measuring principle is based on Amplitude Domain Reflectometry (ADR) method with the complex impedance mainly represented by the sediment or water-filled capacitor [21] . The signal detector is positioned between the signal source and the complex impedance (see figure   3 ). The amplitude output of each sensor is based on the ratio of the incident signal that is generated by the oscillator and the reflected signal that is resulting from the impedance mismatch and is dependant of the medium permittivity. A 6 th order polynomial is proposed by the manufacturer to relate the refractive index ( r  ) of a soil sample to the voltage output of the sensor, as follows [22] 
The sensor voltage can therefore be used in order to infer the permittivity of the medium and provide an indication of underwater bed level processes.
The sensor and associated signal detector circuits are located in the shaft and near the sensor location to reduce interference and enhance the signal-to-noise ratio. The sensors are designed to operate with an input current of 20 mA and at the frequency of 100 MHz, generated by an oscillator. This frequency range is used to reduce the effect of the conductance of the medium and increase sensitivity to soil permittivity [21] .
The scour probe was interfaced with a low power AdvanticSys CM 5000 wireless sensor node (82 mm x 33 mm x 7 mm). The CM 5000 is equipped with an IEEE 802. 
Scour and sediment deposition monitoring implementation
The concept of this scour monitoring solution is illustrated in figure 6 where two probes are installed adjacent to a bridge pier. Each probe can be equipped with several sensors (in this example S1 to S6) placed at predetermined locations. In the example shown in figure 6, sensor S1 is kept in the water above the bed level for reference purposes while the sensors S2 to S6 are embedded into the sediment next to the foundation structure. Figure 6 also shows the typical sensor responses expected when scour and sediment deposition conditions occur. The sensor submerged in water (S1) is expected to experience higher permittivity and hence show a greater voltage when compared to the sensors that are embedded into the sediment. As scour occurs the composition of the material between the electrode rings is altered due to a change of the permittivity, which impacts the energy stored in the sensor capacitance.
As shown in figure 6, the output of the sensors S2, S3 and S4 is increased when the sediment surrounding the sensors is eroded and replaced by water. Sensors S5 and S6 are not affected by scour action and their signals remain constant. The amplitude change is an indication of erosion process around the bridge pier at a depth equal or greater than the location of S4, whose position gives an indication of the minimum scour depth. As depicted in figure 6, during the sediment deposition process the scour hole is expected to be partially re-filled. Similarly to the conditions that corresponded to scouring, the sensors S1 and S2 which are exposed to water, are anticipated to exhibit higher output due to water permittivity conditions. After deposition, the signals of S3 and S4 are anticipated to settle to values close to S5 and S6. In this scenario, the locations of the sensors S2 and S4 define the minimum range of sediment deposition depth.
Experimental Procedures
Sensor calibration and sensitivity to water salinity and temperature
The response of the ADR probe and the calibration curve scaling the electrical signal to Preliminary experiments revealed temperature and salinity effects on the signals of a sensor that was embedded into various sediment types [24, 25] . Consequently, another set of 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 The temperature influence on the response of the submerged sensor was also evaluated and 
Calibration of the soil mixing model
The soil density influence on the probe output is of main importance in this study, as it will be used as a tool to differentiate between the pre-scour (in-situ saturated soil) and post-scour (deposited sediment) conditions. To assess the probe response to density changes one sensor was subjected to a series of experiments in soil samples with various density values. The aforementioned tank was used with the probe placed in the centre and one sensor at a distance of 3 cm from the tank base (see figure 8).
The sample consisted of medium sand with D50 of 0.375 mm and specific gravity of 2.83 that was experimentally determined according to the ASTM D 854-00 standard. The medium sand was first dried in a thermostatically controlled oven at the temperature of 110 o C. The dry sample was weighed and then water was sprayed on the surface of a soil layer and mixed with the sediment in order to attain a target gravimetric moisture content of 10 %. A portion of the sample was also placed in the oven before each experiment in order to determine the actual achieved soil moisture content according to ASTM D2216 standard. 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 handles were fixed in the hammer that was dropped from a distance of 25 cm for 5, 15 and 25 blows in each experiment. The apparent permittivity for the different soil density conditions was measured from the sensor response using equation (5) and was then used to calibrate the parameter in equation (3).
'Static' scour tests
The probe was subjected to a series of 'static' scour simulations in various water conditions using three different soil types. The real-time response of the sensors was recorded using the AdvanticSys wireless device to transmit measurements to the laptop PC. 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 compacted to achieve relatively low density values and to accentuate scouring process.
The scour probe was installed in the middle of the riverbed segment and fixed at the bottom of the flume. Although the probe is equipped with six sensors, only four were used in these experiments due to the limited depth of the flume. S1 was placed at 2.0 cm above the surface of the riverbed segment and it remained fully submerged in water during the experiments. S2, S3 and S4 were embedded into the sediment at depths of 2.5 cm, 12.5 cm and 32 cm below the riverbed segment surface as shown in figure 11(a) . The wireless interface was 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 
Experimental Results
Sensor calibration and sensitivity to water salinity and temperature.
The calibration curve provided by the manufacturer relates the sensor output to permittivity [see equation (5)]. This relationship was validated by immersing the sensor in different media with known permittivity in the range of square root between 1 (air) and 8.97 (water) at 20C.
As shown in figure 12 , an excellent match was obtained between the predicted and measured values (region i). Regions (ii) and (iii) in the calibration curve arise from additional experiments that were carried out to evaluate the sensor behaviour in greater permittivity values which are described as follows. In particular, to investigate the effects of salinity on the sensor output, the probe was tested in aqueous solutions with various concentrations at the temperature of 18 o C. Figure   13 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 In conclusion, the instrument appears to be capable of monitoring the dielectric permittivity in the range r  = 1-150 ( r  
Calibration of the soil mixing model
The effect of soil water content on the sensor response was validated and found to agree with the calibration curve provided by the manufacturer. However, no information was available regarding the influence of soil density on the sensor output. This study estimates this influence using equations (3) and (4), which then enables discrimination between in-situ and deposited soil conditions. Note that the best-fitting parameter of 0.478 is consistent with the values reported in the literature which found to be in the range from 0.46 to 0.50 [18, 19, 27, 28] . These 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 experimental results, allowed calibrating the mixing model and enabling equation (3) to be used to infer soil porosity from dielectric permittivity readings.
'Static' scour test results
The sensor response when embedded into gravel, coarse sand and medium sand soil types mixed with fresh water, is shown in figure 16(a) . After removal of the sediment (i.e. scour conditions), a sharp increase of the obtained apparent permittivity value occurs due to a change of the surrounding medium at the location of the sensor. Note also that, for gravel soil type, the obtained permittivity when the sensor was embedded into the sediment is greater by approximately 7 when compared to the other tested mediums. This permittivity difference between the tested soil types is likely to be associated with changes in the soil porosity value in the local region around the sensor location, which is influenced by the soil particle shape and orientation in the surrounding area of the two electrodes. From equation (3), the porosity for = 0.478 was then calculated for each tested soil type, as presented in figure 16 (b). The probe was subsequently tested in saline water of 35 ppt using the aforementioned soil types. The experimental results obtained during these tests using saline water were then compared to the permittivity values predicted using the equation of Debye form as proposed by Stogryn [26] . Assuming that the porosity of each tested medium remains the same between the experiments carried out in fresh and saline water, the only variable in equation (2) (2) was used to infer the overall apparent permittivity. The estimated apparent permittivity value was then compared to the experimentally obtained output for each soil type as presented in Fig.   17 . Before scour conditions the sensor output in gravel soil type remained below the estimated 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 permittivity values, as shown in figure 17(a) . A satisfactory agreement is detected between estimated and experimental permittivity values for coarse sand and medium sand soil types, as presented in figures 17(b) and 17(c) respectively. The slight difference between the predicted and measured output in the tests using gravel soil type suggests that re-calibration of the parameter is required for sediments with dissimilar characteristics compared to sand mediums. In particular, this discrepancy is caused by the overall greater permittivity value that was detectable in gravel sediments when compared to sand mediums. For field deployments, calibration of the parameter is in principle required for the sediment where the probe is going to be installed. This can be achieved by testing at least one sample of known porosity and back-calculating using equation (3) . However, it is worth noticing that the value obtained for the material tested in this programme ( = 0.478) is very close to the value = 0.5 proposed by Birchak et al [19] and Whalley [29] investigating different granular materials. As a result, a value of = 0.5 can be assumed as a first approximation if no specific calibration can be carried out.
After scouring, for all the tested soil types in saline water a large difference between estimated and measured outputs is observed, as shown in figure 17 . This phenomenon is mainly attributed to the limitation of the instrument with regard to voltage output range, as was presented in figures 12, 13 and 14. Based on the porosity values obtained in fresh water, the dielectric permittivity was satisfactorily estimated in saline water for sand sediments. Despite also the inability of the probe to measure properly the greater permittivity in saline water of 35 ppt of NaCl, a significant change in sensor output is still observed, which would permit monitoring of bed level variations in water with high salinity concentrations. In environments where water salinity is anticipated to fluctuate over time (e.g. river mouths), it might be difficult to discriminate the effects of salinity and density on the permittivity, i.e. a change in salinity may generate a variation in permittivity that could be (mis)interpreted as a change in sediment density. This problem can be overcome by monitoring the signal of a sensor placed above the riverbed and therefore permanently exposed to water conditions. The change in signal of the water-exposed sensor can be then used to infer the change in salinity concentration, which in turn will enable to correct measurements of the sensors embedded in the original or re-sedimented riverbed.
The reading of the water-exposed sensor also allows determining w which can be replaced in equation (3) to calculate the soil porosity. This correction could also be achieved by inspecting the signal of the deepest sensor embedded in the portion of riverbed that was never scoured and therefore never experienced a change in density. Figure 18 presents the apparent permittivity values derived from equation (5) during the saturation of the flume riverbed segment that consisted of coarse sand mixture and medium sand soil types each time. Prior to the saturation process, sensors S2, S3 and S4 were embedded into the dry sediment and the corresponding permittivity values ranged from 3 to 4 (see figure   18 ). When the saturation process is initiated, the permittivity value for sensor S2 increases sharply followed by S3 and S4 responses. Once saturation of the riverbed segment is complete, the permittivity values for the three sensors settle between 23 and 32 for both sediment types.
Real-time flume experiments
Saturation process of the riverbed segment
For the duration of the experiment, the permittivity observed by sensor S1 remains constant and equal to 1, as it is located outside the tested section in air environment. The saturation tests using the flume indicated that water infiltration of the riverbed segment had a significant increasing effect on the apparent permittivity values obtained by the sensor signals.
Real-time flume tests results
Figure 19(a) shows the scour probe response, the location of the sensors in the tested section and the measured scour depth obtained in coarse sand mixture sediment. Initially, the measured
apparent permittivity of the water-immersed sensor (S1) was at the range of 78. At the same time, the sensors (S2, S3 and S4) that were embedded into the sediment exhibited permittivity values below 27. As figure 19 (a) indicates, after a period of 1 hour the scour depth increased to 7.2 cm. At the same period of time, it was observed that the output of S2 increased to 75 and thereafter remained almost constant. This change in the S2 is due to the different permittivity which reveals that the sediment around the sensor location is scoured, i.e. the soil is replaced by water.
During the same time period, the S3 output increased only marginally, which indicates that the scouring on S2 insignificantly influenced the S3 output. The scour depth continued to rise and at the period of 2.5 hours was recorded at 15.7 cm. At the same time the S3 output was increased sharply and reached permittivity in the range of 75. Thereafter, the signals of the scoured S2 and S3 sensors remained steady whereas scour reached its equilibrium at depth of 17.5 cm. The sediment deposition process started after a period of 5 hours and the S3 permittivity output dropped to 37 as the area around the sensor level was re-filled with sediment and scour depth was reduced to 12.7 cm. After 6 hours, the S2 permittivity also declined to 34 while S3 continued to decrease further to 33. As shown in figure 19(a) , at the same time 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 the riverbed segment around the location of S3. An equivalent decrease in both the measured scour depth and the signals of S2 and S3 was observed when the simulation of sediment deposition was initiated after the period of 6 hours [see figure 19(b) ]. Finally, the recorded permittivity output of S2 and S3 after the sediment deposition simulation reached values similar to as pre-scour conditions (31 mV and 29 mV respectively) while scour depth decreased to 1.5 cm. During this test the permittivity output of S4 was almost constant at the range of 29, which indicates that it was not affected by scour and remained embedded in the sediment. It is also pointed out that when the sensors are fully exposed to water conditions, the permittivity readings have considerable variance over time. This is attributed to water turbulence and variability of solids that are suspended in water near the sensor vicinity. This large captivation of the sensor signal over time can therefore be employed as a secondary validation that the sensor is fully scoured and exposed to water conditions. The dry density for = 0.478 was then estimated from equations (3) and (4) in order to obtain the soil density at the location of each sensor for both experiments. Figure 20 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 gr/cm 3 respectively, while the S4 was not affected by scour processes during the experiment. The results obtained in separate open channel flume experiments using coarse and medium sand sediments clearly demonstrate that the sensors accurately tracked the evolution of both scour and sediment deposition. A sharp increase of the sensors' permittivity output was recorded when scour occurred at the sensor location. Re-deposited sediment was found to be associated with higher apparent permittivity, reflecting the lower soil density around the local regions of each sensor. The sensor is therefore potentially capable of detecting re-deposited sediments characterised by lower density than the original in-situ soil. 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 
Conclusions
Scour action is a challenge for civil infrastructure systems due to the changing climate bringing more active weather systems. Bed level conditions at underwater foundations are very difficult to evaluate, considering that scour holes are often re-filled by deposited loose material that is easily eroded during subsequent smaller-scale flood events. The lack of instrumentation techniques available to assess underwater conditions at the foundation structure has in the past led to the sudden collapse of several bridges without prior warning.
This study has presented a new monitoring technique that can be deployed and allows the continuous monitoring of scour depth variations and sediment re-deposition processes at foundation elements. The sensing principle employs the Amplitude Domain Reflectometry (ADR) technique that utilises the reflection characteristics of electromagnetic waves and was evaluated using an off-the-shelf small-scale probe. The ADR instrument was connected to a wireless interface that could allow the real-time remote monitoring of the obtained data.
A systematic series of experimental tests was carried out evaluating the calibration of the instrument and its sensitivity to salinity and temperature effects. A large discrepancy observed between predicted and measured sensor output in saline water was attributed to the limit capability of the instrument's dynamic range. The calibration curve provided by the manufacturer was found to be accurate for apparent permittivity values up to 80. Based on the obtained results three areas were identified on the sensor's calibration curve indicating the accurate (i), the uncertain accuracy (ii) and the out of range (iii) regions.
The use of the sensor signals to discriminate between in-situ and re-deposited soil was also addressed in this investigation. Experimental data obtained at various soil density conditions were employed to calibrate a three phase mixing model with the determination of the optimum geometric parameter , which was found to be consistent with values reported in the literature. The overall apparent permittivity value was then adequately estimated for sediments with similar characteristics. It was then demonstrated that the soil porosity around each sensor location could also be estimated based on the sensor outputs for sediments with similar characteristics.
This study also thoroughly validated the ADR sensor platform in real-time flume experiments which exhibited high sensitivity to scour and sedimentation processes. Redeposited sediment was found to be associated with higher permittivity attributed to lower soil density that was successfully estimated. Analysis of the sensor signals demonstrated the ability 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 of the proposed system to differentiate between pre-scour and post-sediment deposition conditions.
The proposed sensing technique can provide a more economical, accurate and real-time alternative to existing scour inspection methods. The results presented in this investigation provide an important guide and can be used as a benchmark for the field application of the ADR sensor which can be integrated into a structural health monitoring system, delivering key information regarding bed level conditions at foundation elements.
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